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This report summarizes the progress in SUSY studies 
performed during the Extended ECFA/DESY Workshop 
since the TESLA TDR 1 1 1. Based on accurate future mea- 
surements of masses of SUSY particles and the determi- 
nation of the couplings and mixing properties of sfermions 
and gauginos, we discuss how the low-energy Lagrangian 
parameters can be determined. In a 'bottom-up' approach, 
by extrapolating to higher energies, we demonstrate how 
model assumptions on SUSY breaking can be tested. To 
this end precise knowledge of the SUSY spectrum and the 
soft SUSY breaking parameters is necessary to reveal the 
underlying supersymmetric theory. 

INTRODUCTION 

An e + e~ linear collider in the 500 - 1000 GeV energy 
range (LC) is widely considered as the next high-energy 
physics machine Q. One of the many arguments for its 
construction is the possibility of exploring supersymme- 
try (SUSY). Of the many motivations for the supersym- 
metric extension of the Standard Model, perhaps the most 
important, next to the connection to gravity, is the abil- 
ity to stabilize the electroweak scale. If the electroweak 
scale is not fine-tuned, the superpartner masses (at least 
some of them) need to be in the TeV range. In such a 
case the Large Hadron Collider (LHC) will certainly see 
SUSY. Many different channels, in particular from squark 
and gluino decays will be explored and many interesting 
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quantities measured. In specific scenarios characterized by 
a handful of free parameters some of the elements of su- 
persymmetry can be reconstructed |3|. However, to prove 
SUSY one has to scrutinize its characteristic features in as 
model-independent a way as possible. We will have to: 

• measure masses of new particles, their decay widths, 
production cross sections, mixing angles etc., 

• verify that they are superpartners, i.e. measure then- 
spin and parity, gauge quantum numbers and cou- 
plings, 

• reconstruct the low-energy SUSY breaking parame- 
ters without assuming a specific scenario, 

• and ultimately unravel the SUSY breaking mechanism 
and shed light on physics at the high (GUT?, Planck?) 
scale. 

In answering all the above points an e + e~ LC would be an 
indispensable tool. Therefore the concurrent running of the 
LHC and the LC is very much welcome |4|. First, the LC 
will provide independent checks of the LHC findings. Sec- 
ond, thanks to the LC unique features: clean environment, 
tunable collision energy, high luminosity, polarized incom- 
ing beams, and additional e~e~, ej and 77 modes, it will 
offer precise measurements of masses, couplings, quantum 
numbers, mixing angles, CP phases etc. Last, but not least, 
it will provide additional experimental input to the LHC 
analyses, like the mass of the lightest supersymmetry par- 
ticle (LSP). Coherent analyses of data from the LHC and 
LC would thus allow for a better, model independent re- 
construction of low-energy SUSY parameters, and connect 
low-scale phenomenology with the high-scale physics. The 
interplay between LHC and LC is investigated in detail in 
the LHC/LC Study Group 0. 

During the Extended ECFA/DESY Workshop 1 the dis- 
covery potential of TESLA 1 1 1 - design of the supercon- 
ducting LC - for SUSY particles has been further studied. 
In particular, it has been demonstrated that the expected 
high luminosity (£ ~ 300 fb _1 per year) and availability 
of polarized electron (up tp 80%) and positron (up to 60%) 
beams makes precision experiments possible. The virtues 
of polarized beams are investigated in the POWER Study 
Group 1 7 1 . Here we will summarize in some detail how ac- 
curate measurements of the masses of SUSY particles and 
the determination of the couplings and mixing properties of 
sleptons, charginos, neutralinos and scalar top quarks can 
be performed. 

'The SUSY WG group was very active: the members have given 14 
talks in Cracow, 15 in St. Malo, 11 in Prague and 15 in Amsterdam, and 
the transparencies can be found in 



We will start the discussion with the Minimal Supersym- 
metric Standard Model considered as an effective low en- 
ergy model with a) minimal particle content, b) i?-parity 
conservation, c) most general soft supersymmetry break- 
ing terms. Since the mechanism of SUSY breaking is un- 
known, several Snowmass benchmark scenarios, so-called 
'Snowmass Points and Slopes' (SPS) JS], with distinct sig- 
natures have been studied. Although each benchmark sce- 
nario is characterized by a few parameters specified at high 
energies (for example at the GUT scale), most of the phe- 
nomenological analyses have been performed strictly on 
low-energy supersymmetry. 

A word of caution is in order here. The deduction of low- 
energy parameters from high-scale assumptions (and vice- 
versa) inevitably involves theoretical errors coming from 
the level of approximation used, neglected higher order 
terms etc. The SPS benchmarks, while motivated in terms 
of specific SUSY-breaking scenarios (like the mSUGRA 
scenario), have explicitly been defined in terms of the 
low-energy MSSM parameters. Therefore it is not nec- 
essary in the SPS benchmarks to refer to any particular 
program for calculating the SUSY spectrum from high- 
energy parameters. Studies during the Workshop | lOl ll II 
showed large differences between various calculations of 
the MSSM spectrum. Recent analysis 1111 of the most 
advanced modern codes for the MSSM spectra: ISAJET 
7.64, SOFTSUSY 1.71 02), SPHENO 2.0 El and SUS- 
PECT 2.101 (14 1, shows that the typical relative uncer- 
tainty in mSUGRA and mGMSB scenarios in generic (i.e. 
not tricky) regions of parameter space is about 2-5%. In 
some cases, in particular in focus point, high tan/3 and 
mAMSB scenarios, the relative uncertainty is larger, about 
5 - 10% For the focus point and high tan /3 scenarios, spar- 
ticle masses are particularly sensitive to the values of the 
Yukawa couplings (especially the top Yukawa for the focus 
point, and the bottom Yukawa for the high tan/3 regime). 
Slightly different treatments of top and bottom masses 
can lead to large differences in mass predictions. In the 
mAMSB scenario larger differences between various pro- 
grams are due to a different implementation of GUT-scale 
boundary conditions. Nevertheless, even in these particu- 
lar cases, comparison with previous versions of the codes 
fTPl (where SUSYGEN3.00 El, PYTHIA6.2 OH and the 
mSUGRA Post-LEP benchmarks |17| have also been in- 
vestigated) shows a significant improvement. Differences 
in the results between the codes (which may be interpreted 
as very conservative upper bounds on current theoretical 
uncertainties II II as some programs are more advanced 
than others) should be reduced by future higher-order the- 
oretical calculations. 

After extensive discussion of experimentation and ex- 
traction of SUSY parameters in the MSSM, we will go to 
'beyond the MSSM' scenarios by considering i?-parity vi- 
olating couplings and/or extended gaugino sector. Finally, 
in a 'bottom-up' approach, by extrapolating to higher en- 
ergies the SUSY parameters determined at the electroweak 
scale with certain errors, we demonstrate how model as- 



sumptions on SUSY breaking can be tested. It will be seen 
that precise knowledge of the SUSY spectrum and the soft 
SUSY breaking parameters is necessary to reveal the un- 
derlying supersymmetric theory. 

SFERMIONS 

Sfermions /j,, fn are spin-zero superpartners of the SM 
chiral fermions /l, Jr. The sfermion mass matrix has the 
form 



M 2 i 



IL / 

/ \ ajuif rn\ 

\ J JR 

2 , ___2 „ n o I jZ ,o -2 , 



(1) 

\ = A/| + m| cos 2/3 (Ij. - Q f sin z 6 W ) + m 2 

a f = Af - ^*(tan/3)~ 2/ >' 

where - , Af are soft SUSY breaking parameters 

(which can be 3 x 3 matrices in the flavor space), and ii is 
the higgs/higgsino mass term. Both A^ = \A^\e VA i and 
/i = |/i|e JV ' 1 can be complex. The mixing between L and R 
states is important when the off-diagonal term is compara- 
ble to the splitting of diagonal ones A, = — m| , i.e. 
| A j | < | a jUi f | . For e and fx the L — R mixing is therefore 
usually neglected. 

Neglecting inter-generation mixing, the masses of phys- 
ical sfermions /x,2 

/i = / i e^/cos0 / + / ii sin0 / 

h = -h sin 6 f + ] R e~ lip i cos 9 f ~ (2) 

and the mixing angle 8 j and the phase ipj are given by 

m h = {m h + m ) R T t A / + 4 l«/«Vl 2 ] 1/2 )/2 
tan 6^ = (m| - m^_)/|a/m/| 



iff = arg(A f ~ - ll* (tan 0) 21 s ) 



(3) 



Thus reconstructing the sfermion sector requires 
m 2 ; , m 2 ; , ai to be decoded from measurements of 

JL JR J 

sfermion masses, cross sections, decay widths etc. 1 18 1. 

With the anticipated experimental precision, however, 
higher order corrections will have to be taken into ac- 
count. A current summary of theoretical progress in this 
direction can be found in Ref. 1191 . Complete one-loop 
calculations have been performed for fxjl and ee produc- 
tion 1 20 1 and for sfermion masses and their decays |21|. 
For a relatively light SUSY spectrum and a high-energy 
LC (AigusY <C y/s < 2-3 TeV), the simple one-loop 
approximation may turn out to be inadequate and resum- 
mation of higher-order effects might be necessary to obtain 
good theoretical predictions 1 22 1 . 

Study of selectrons/smuons 

At e + e~ collisions charged sleptons are produced in 
pairs via the s-channel 7/Z exchange; for the first gen- 
eration there is additional t-channel neutralino exchange. 



Different states and their quantum numbers can be disen- 
tangled by a proper choice of the beam energy and polar- 
ization. 
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Figure 1: Cross sections at threshold for the reactions 

e t e R ~ * £r£r (left) an d e R e R ~^ £r£r (right) in the 
SPS#la scenario, including background 1201 . Error bars 
correspond to a luminosity of 10 fb _1 (left) and 1 fb _1 
(right) per point. 

Slepton masses can be measured in threshold scans or 
in continuum. At threshold: p.~^ji~[ , AaAr > an< ^ 
e R e R pairs are excited in a P-wave characterized by a slow 
rise of the cross section a ~ /3 3 with slepton velocity 
(3. On the other hand, in e\ 



and e L e L 



L I e R e R. ~* ^R^L I °L °.R 

R ^ R sleptons are excited in 



the S-wave giving steep rise of the cross sections a ~ (3. 
Therefore the shape of the cross section near threshold is 
sensitive to the masses and quantum numbers. 



V^ = 4UUGeV £ = 2UUfb -1 
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Figure 2: Lepton energy spectra in the processes e R e^ — > 

L ~ * VrPr ~ * 

VXiH + Xi (right) at = 400 GeV, C = 
200 fb" 1 ; scenario SPS#la l23l . 

The expected experimental precision requires higher or- 
der corrections, and finite sfermion width effects to be in- 
cluded. Examples of simulations for the SPS#la point 
are shown in fig. ^ Using polarized e + e~ beams and 
C = 50 fb -1 a (highly correlated) 2-parameter fit gives 
5m~ eR = 0.20 GeV and <5r gR = 0.25 GeV; the resolution 
deteriorates by a factor of ~ 2 for jj-RfiR. production. For 
e R e R — > crBr the gain in resolution is a factor ~ 4 with 
only a tenth of the luminosity, compared to e + e~ beams. 

Above the threshold, slepton masses can be obtained 
from the endpoint energies of leptons coming from slep- 
ton decays. In the case of two-body decays, t~ - 



y0 
A i 



endpoints (the minimum E- and maximum E+ energies) 

E± = ±>/£(l±/3)(l-m|/mf) (4) 

providing an accurate determination of the masses of the 
primary slepton and the secondary neutralino/chargino. 

Simulations of the e and fi energy spectra of e^e^ and 
AflM-R (respectively) production, including beamstrahlung, 
QED radiation, selection criteria and detector resolutions, 
are shown in fig. |2] assuming mSUGRA scenario SPS#la 
l23l . With a moderate luminosity of C = 200 ftT 1 at 
y/s = 400 GeV one finds mg s = 143 ± 0.10 GeV, 
mn n = 143 ± 0.10 GeV and m^o = 96 ± 0.10 GeV 
from selectron, or m^o = 96 ± 0.18 GeV from smuon 
production processes. Assuming the neutralino mass is 
known, one can improve slepton mass determination by 
a factor 2 from reconstructed kinematically allowed mini- 
mum m m i n (£). A slightly better experimental error for the 
neutralino mass Sm^o = 0.08 GeV from the smuon pro- 



duction has recently been reported in 1 24 1 . The partner fi^ 
is more difficult to detect because of large background from 
WW pairs and SUSY cascades. However, with the high lu- 
minosity of TESLA one may select the rare decay modes 
fj-L — > MXa an d X% ~ * Xu leading to a unique, back- 
ground free signature 41 The achievable mass 
resolutions for mn , and m^o is of the order of 0.4 GeV 

One should keep in mind that the measurement of se- 
lectron masses is subject to two experimental difficul- 
ties: an overlap of flat energy distributions of leptons 
from e R e~^, e R e~^, e^ej, e£ej, and large SM background. 
Nevertheless, it has been demonstrated 1 26 1 that thanks to 
larger cross sections, both problems can be solved by a dou- 
ble subtraction of e~ and e + energy spectra and opposite 
electron beam polarizations V e - =+0.8 and V e - =—0.8, 
symbolically (E e - — E e +) e - — (E e - — E e +) e -. Such a 
procedure eliminates all charge symmetric background and 
clearly exhibits endpoints from the §r and decays, as 
seen in fig.|3] Simulations at y/s = 500 GeV in the SPS#la 
scenario 1 26 1 show that both selectron masses can be deter- 
mined to an accuracy of Srrie R , g L ~ 0.8 GeV. 



Figure 3: Energy spec- 
trum (E e - - E e+ ) e - R - 
(E e - - E e+ ) e - "for 

e RL e+ — > e R e L in 
the model SPS#la at 
yi=500 GeV, £=2-500 

fb -1 EB. 
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and vi — ► I xl the lepton energy spectrum is flat with 



Sneutrino production 

At e + e~ collisions sneutrinos are produced in pairs via 
the s-channel Z exchange; for the v e production there is 
additional t-channel chargino exchange. Their decay into 
the corresponding charged lepton and chargino, and the 
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Figure 4: Lepton energy and di-jet mass spectra of 
e Z e fl ~~ * v e i> e — ► e^Xi^ e+ xT er t) w i m subsequent de- 
cay xt ?«' Xi (right) 1 25 1 



subsequent chargino decay, make the final topology, e.g. 
i> e v e — > e + e~£ ± 2j $ very clean. The primary charged 
lepton energy, and di-jet energy and mass spectra, see fig. [4] 
can be used to determine and m~± to 2 per mil (or bet- 

ter), and to measure the chargino couplings and the \\ — Xi 
mass difference; a resolution below 50 MeV, given essen- 
tially by detector systematics, appears feasible |25|. The 
detection and measurement of tau-sneutrinos v T is more 
problematic, due to neutrino losses in decay modes and de- 
cay energy spectra. 



Study ofstaus 

In contrast to the first two generations, the L — R mix- 
ing for the third generation sleptons can be non-negligible 
due to the large r Yukawa coupling. Therefore the f's are 
very interesting to study since their production and decay 
is different from e and jl. 

The f masses can be determined with the usual tech- 
niques of decay spectra or threshold scans at the per cent 
level, while the mixing angle | cos Of | can be extracted with 
high accuracy from cross section measurements with dif- 
ferent beam polarisations. In a case study |27| for rn^ = 
155 GeV, m f2 = 305 GeV, n = 140 GeV, tan/3 = 20, 
A T = -254 GeV it has been found that at yfs = 500 
GeV, C = 250 ft" 1 , V e - = +0.8, V e + = -0.6, the 
expected precision is as follows: = 155 ± 0.8 GeV, 
cos 20 T = -0.987 ± 0.08, left panel of fig.|U 

The dominant decay mode fi — > Xi T can be exploited to 
determine tan (3 if tan (3 turns to be large 1 28 1 . In this case 
the non-negligible r Yukawa coupling makes f couplings 
sensitive to the neutralino composition in the decay pro- 
cess. Most importantly, if the higgsino component of the 
neutralino is sufficiently large, the polarization of r's from 
the f decay turns out to be a sensitive function of f mix- 
ing, neutralino mixing and tan (3 1271 . This is crucial since 
for large tan j3 other SUSY sectors are not very sensitive to 
tan j3 and therefore cannot provide a precise determination 
of this parameter. 

The t polarization can be measured using the energy 
distributions of the decay hadrons, e.g. r — > and 
t — ► pu — ► 7r ± 7T ^. Simulations show that the t polariza- 
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Figure 5: Left: cos2#f versus a(e + e~ — > fifi) at ^fs = 
500 GeV for polarized (green, upper curve) and unpolar- 
ized (red, lower curve) beams; the expected cross sections 
shown by vertical lines. Unpolarised beams give a two-fold 
ambiguity in cos 29 f , while polarized beams give a unique 
physical solution. Right: tan (3 as a function of r polar- 
ization. From simulations P T = 0.82 ± 0.03 leading to 
tanff = 22±2l2"7l. 



tion can be measured very accurately, &V r — 0.82 ± 0.03, 
which in turn allows to determine tan (3 — 20 ± 2, as shown 
in the right panel of fig.[5] 

Squarks 

For the third generation squarks, t and b, the L — R 
mixing is also expected to be important. As a result of 
the large top quark Yukawa coupling, it is possible that 
the lightest superpartner of the quarks is the stop t\ — 
II cos 6i + tji sin dp If the mass is below 250 GeV, 
it may escape detection at the LHC, while it can easily be 
discovered at the Linear Collider. 
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Figure 6: Left: Contours of <Jn(titi) and ol^i^i) as a 
function of and cosOi for — 500 GeV, C = 
2 • 500 fb -1 |23). Right: tan/3 as a function of top po- 
larization. From simulations P t = —0.44 ±0.10 leading to 
tan ft = 17.5 ±4.5 |27). 

The t and b phenomenology is analogous to that of the f 
system. The masses and mixing angles can be extracted 
from production cross sections measured with polarized 
beams. The production cross sections for e + e~ — > titi 
with different beam polarizations, cjr = a ■ - + and = 



<7_- + , have been studied for t\ — » 6 yf and ii — * c yV de- 
cay modes including full-statistics SM background. New 
analyses have been performed for the SPS#5-type point: 
a dedicated "light-stop" scenario with = 210 GeV, 



121.2 GeV |29|. For this point the decay t\ 



bxf is not open, and the SUSY background is small. The 
charm tagging, based on a CCD detector, helps to enhance 
the signal from the decay process t\ — ► cXi- Generated 
events were passed through the SIMDET detector simula- 
tion. The results, shown in the left panel of fig.|6j provide 
high accuracies on the mass Amj ~ 0.7 GeV and mixing 
angle A cos Of ~ 0.01. 

If the heavier stop ?2 is too heavy to be produced at the 
LC, the precise measurement of the Higgs boson mass nih 
together with measurements from the LHC can be used 
to obtain indirect limits on 1 30 1 . Assuming m t - = 
18O±1.25GeV,cos0 t ~ = 0.57±0.01, Ma = 257±10GeV, 
H = 263 ± 1 GeV, m~ g = 496 ± 10 GeV, = A~ t ± 30% 
and > 200 GeV, fig. shows the allowed region in 
the rrif 2 -mh plane. Only a lower bound tan/3 > 10 has 
been assumed, which could for instance be inferred from 
the gaugino/higgsino sector. Intersection of the assumed 




Figure 7: Indirect deter- 
mination of nif from 
the rah measurement 
for Sm t =2 GeV (LHC) 
and 0.1 GeV (LC) l30l . 



measured value rrih = 115.5 ± 0.05 GeV with the al- 
lowed mi 2 -mh region gives an indirect determination of 
m~ t2 , yielding 670 GeV < m t ~ 2 < 705 GeV for the LHC 
precision 5m t — 2 GeV (£2 must be above the LC reach). 
The LC precision of 5m t — OA GeV reduces the range to 
680 GeV < mj 2 < 695 GeV, i.e. by a factor of more 
than 2. 

Similarly to the f , the measurement of top quark po- 
larization in the squark decay can provide information on 
tan (5. For this purpose the decay b\ — > t\f is far more 
useful than t\ — > t\° k since in the latter the t polarization 
depends on 1/ sin /3 and therefore is only weakly sensitive 
to large tan /3. 

A feasibility study of the reaction 



(5) 



has been performed in 1271 . A fit to the angular distribution 
cos 8* , where 9* is the angle between the s quark and the 
primary b\ in the top rest frame in the decay chain e + e~ — * 

bi+txi -> h + bcsxi, y ields p t = -0-44 ± 0.10, 
consistent with the input value of P\ h = —0.38. From 
such a measurement one can derive tan/3 = 17.5 ± 4.5, 
as illustrated in the right panel of fig. [6] After tan /3 is 
fixed, measurements of stop masses and mixing allow us to 



determine the trilinear coupling Af at the ten-percent level 

G2. 

Quantum numbers 

An important quantity is the spin of the sfermion which 
can directly be determined from the angular distribution of 
sfermion pair production in e + e~ collisions fTl l25l . 



Figure 8: Production 
cross sections as a 
function of P e + for y/s 
=350 GeV, P e -=-0.8. 
ISR and beamstrahlung 
are included [311. 




Due to small L — R mixing of the first two generation 
sfermions, the mass eigenstates are chiral. As a result, of 
particular interest is the associated production of 



e R e R 



and 



- a + 



e T e 



L °L 



(6) 



via t-channel x° exchange for the sfermion quantum num- 
ber determination. For polarized beams the charge of the 
observed lepton is directly associated to the L, R quan- 
tum numbers of the selectrons and the energy spectrum 
uniquely determines whether it comes from the or the 
e-L decay. However, in order to separate the t-channel neu- 
tralino exchange from the s-channel photon and Z-boson 
exchange, both the electron and positron beams must be 
polarized. By comparing the selectron cross-section for 
different beam polarizations the chiral quantum numbers 
of the selectrons can be disentangled, as can be seen in 
fig. E] where other parameters are m^ R = 137.7 GeV, 
rrie L = 179.3 GeV, M 2 = 156 GeV, p = 316 GeV and 
tan/3 = 3 EQ. 

Sfermion Yukawa couplings 

Supersymmetry enforces gauge couplings and their su- 
persymmetric Yukawa counterparts to be exactly equal at 
tree level. For example, the Yukawa coupling fjyff be- 
tween the gaugino partner V of the vector boson V, the 
fermion / and the sfermion / must be equal to the corre- 
sponding gauge coupling gvff- 

The Yukawa couplings of selectrons can best be probed 
in the production of selectrons via the t-channel neutralino 
exchange contributions. For this purpose one can exploit 
the e~er collider mode due to reduced background, larger 
production cross-sections, higher beam polarizability and 
no interfering s-channel contributions. Simulations have 
shown that these couplings can be determined with high 
accuracy 1201 1321 . For example, errors for the extrac- 
tion of the supersymmetric Yukawa couplings gi and §2 
(corresponding to the U(l) and SU(2) gauge couplings g\ 



and gi) are expected in the range Sgx/gi » 0.2% and 
^52/32 ~ 0.8%. The values are for the SPS#la scenario 
and integrated luminosity of 50 ft -1 of the e~e~ collider 
running at y 7 ! = 500GeV, with no detector simulation in- 
cluded. Similar precision in the e + e~ mode requires inte- 
grated luminosity of 500 fb _1 , see fig.|9] 




Figure 9: The lcr bounds on the supersymmetric Yukawa 
couplings gi and 52 in the SPS#la scenario from e _ e~ 
with C = 50 ft)- 1 (left) and e+e" with C = 500 ft" 1 
(right), both running at yfs = 500 GeV l32l . 



Mflj'i universality 

Most analyses are performed with a simplifying assump- 
tion of universal mass parameters at some high energy scale 
G: 5m 2 (G)=m 2 (G) — m 2 (G)=0. This assumption can 
be tested at the LC. For example, in 1 34 1 a quantity 



A 



-3(a| - a%{G)% 



(7) 



defined at the electroweak scale, is proposed as a probe of 
non-universality of slepton masses if only both selectrons 
and the light chargino are accessible at a linear collider {a\ 
and 0:2 are the U(l) and SU(2) couplings). It turns out 
that A 2 is strongly correlated with the slepton mass split- 
ting, A 2 ~ 0.76 Sm 2 (G). Assuming SUSY masses in the 
150 GeV range to be measured with an experimental er- 
ror of 1 %, it has been found [ 34 1 that the non-universality 
can be detected for \Sm 2 (G)\ > 2500 GeV 2 ; knowing the 
gaugino mass Mi to 1 % increases the sensitivity down to 
Sm 2 (G) — 1400 GeV 2 . 



Such a high experimental precision requires radiative 
corrections to be included in the theoretical predictions 
for the slepton cross-sections. Far above threshold the ef- 
fects of the non-zero slepton width are small, of the or- 
der Tf/rrip and the production and decay of the sleptons 
can be treated separately. As mentioned, for both sub- 
processes the complete electroweak one-loop corrections in 
the MSSM have been computed |20 21 1. The electroweak 
corrections were found to be sizable, of the order of 5-10%. 
They include important effects from supersymmetric parti- 
cles in the virtual corrections, in particular non-decoupling 
logarithmic contributions, e.g. terms oc logmj/m woa k 
from fermion-sfermion-loops. 

The equality of gauge and Yukawa couplings in the 
SU(3)c gauge sector can be tested at a linear collider by 
investigating the associated production of quarks q and 
squarks q with a gluon g or gluino g. While the pro- 
cesses e + e~ — > qqg and e + e~ — > qqg are sensitive to 
the strong gauge coupling of quarks and squarks, respec- 
tively, the corresponding Yukawa coupling can be probed 
in e + e~ — * qqg. In order to obtain reliable theoretical pre- 
dictions for these cross-sections it is necessary to include 
next-to-leading order (NLO) supersymmetric QCD correc- 
tions. These corrections are generally expected to be rather 
large and they are necessary to reduce the large scale de- 
pendence of the leading-order result. The NLO QCD cor- 
rections to the process e + e~ — > qqg within the Standard 
Model have been known for a long time. Recently, the 
complete 0(a s ) corrections to all three processes in the 
MSSM have been calculated 1331 . The NLO contributions 
enhance the cross-section in the peak region by roughly 
20% with respect to the LO result. Furthermore, the scale 
dependence is reduced by a factor of about six when the 
NLO corrections are included. 



Sfermions with complex CP phases 

The soft SUSY breaking parameters: the gaugino masses 
and trilinear scalar couplings, and the Higgsino mass pa- 
rameter \i, can in general be complex and the presence of 
non-trivial phases violates CP. This generalization is quite 
natural and is motivated by the analogy between fermions 
and sfermions: in the SM the CKM phase is quite large 
and the smallness of CP-violating observables results from 
the structure of the theory. Furthermore, large leptonic CP- 
violating phases together with leptogenesis may explain the 
baryonic asymmetry of the Universe. 




Figure 10: Branching ra- 
tios of fi — > Xi T f° r 
m = 233, 238, 243 GeV 
(from bottom to top) |37|. 



In mSUGRA-type models the phase tp^ of /1 is restricted 
by the experimental data on electron, neutron and mercury 
electric dipole moments (EDMs) to a range |</?^| < 0.1 - 
0.2 if a universal scalar mass parameter Mq < 400 GeV 
is assumed. However, the restriction due to the electron 
EDM can be circumvented if complex lepton flavour violat- 
ing terms are present in the slepton sector 1351 . The phases 
of the parameters r enter the EDM calculations only at 
two-loop level, resulting in much weaker constraints 1 36 1. 
In the pure sfermionic sector the phases of Aj and 
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eq. Q, enter the masses 



/l,2 



and mixing angle 9j 
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Figure 11: Left: Branching ratios of t\ — > xjb (solid), 
h — > X°t (dashed), ti — > (dashdotted). Right: Con- 
tours of B(ii — > x?^) m the SPS#1 a inspired scenario. The 
dashed lines denote the contours of cos 9^ 1 38 1. 



parameter points where the decay t\ — > 6z>t + has a suffi- 
cient branching ratio allowing for the measurement of this 
asymmetry, see fig. 1121 where other parameters are taken 
as = 240 GeV, m~ u = 800 GeV, m v = 200 GeV, 
M 2 = 350 GeV, \A t \ = 1000 GeV l39l . 

CP violation in the stau sector can generate electric and 
weak dipole moments of the taus. The CP-violating tau 
dipole form factors can be detected up to the level of (3 — 
5) • 10 -19 ecm |40| at a linear collider with high luminosity 
and polarization of both e + and e~ beams. Although such a 
precision would improve the current experimental bounds 
by three orders of magnitude, it still remains by an order 
of magnitude above the expectations from supersymmetric 
models with CP-violation. 



Therefore the ti^ masses are more sensitive to phases 
than masses of f^a and 6^2 because of the mass hier- 
archy of the corresponding fermions. The phase depen- 
dence of 6j is strongest if \Aj\ ~ \/i\(taii (3)~ 2I f and 
\m 2 f — m 2 r I < \afmf \ 1371 . Since the Zfifi cou- 

JL JR •> _ 

plings are real, and for/i/ 2 production only Z exchange 
contributes, the ■ production cross sections do not ex- 
plicitly depend on the phases - dependence enters only 
through the shift of sfermion masses and mixing angle. 
However, the various / decay branching ratios depend in 
a characteristic way on the complex phases. This is illus- 
trated in fig. ^| where branching ratios for fj are shown 
for m fl = 240 GeV, /i = 300 GeV, \A? | = 1000 GeV, 
tan /3 = 3, and M 2 = 200 GeV (37|. The branching ratios 
for the light t\ in the SPS#la inspired scenario are shown 
in fig. ^2 including the contour plot for the mixing angle 
cos 61 |38l|. A simultaneous measurement of B{t\ — > Xify 
and cos 6^ might be helpful to disentangle the phase of Ai 
from its absolute value. As an example a measurement of 
B(ii -> Xi*) = 0.6 ± 0.1 and | cos %j = 0.3 ± 0.02 
would allow to determine \Ai\ ps 320 GeV with an error 
AdAjl) 20 GeV and ipA i with a twofold ambiguity 
tpA- ?s 0.357T or tp Ai Rj 1.657T with an error A((pA { ) 
0.1 7r, see fig. [HI (right). 



Figure 12: The CP sen- 
sitive asymmetry as a 
function of ifA-'> tan/3=3 
(thick), tan/?=10 (thin), 
H=400 GeV (solid), ^=700 
GeV (dashed) |39| . 



In principle, the imaginary parts of the complex parame- 
ters involved could most directly and unambiguously be de- 
termined by measuring suitable CP violating observables. 
For example, the polarization of the t + normal to the t\ 
decay plane in the decay t\ — > bi>T + is sensitive to CP 
violation. The asymmetry of the r polarization perpendic- 
ular to the decay plane can go up to 30% for some SUSY 




Lepton flavour violation 

There are stringent constraints on lepton flavour viola- 
tion (LFV) in the charged lepton sector, the strongest be- 
ing BR(^- -> e"7) < 1.2 x lO" 11 ED. However, 
neutrino oscillation experiments have established the ex- 
istence of LFV in the neutrino sector with tan 2 0Atm — L 
tan 2 Q = 0.24 - 0.89 and sm 2 (26>i 3 ) < 0.1 E3- 
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Figure 13: Left: Cross section for the signal e r T |as a 
function of BR(r -> ej) for ,/s = 500 GeV E3 Right: 
3cr significance contours for =500 GeV and J C= 500 
ft," 1 (A), =1000 fb" 1 (B). Line C: vv* contribution with 
luminosity 500 fb -1 . Dotted lines: BR(t — > ^7)=10~ 7 , 

10- 8 , 10" 9 ESI- 

In the MSSM the R-parity symmetry forces total lepton 
number conservation but still allows the violation of indi- 
vidual lepton number, e.g. due to loop effects in n~ — > 
e~7 |43|. Moreover, a large v^-v T mixing can lead to a 
large v^-v T mixing via renormalization group equations. 
Therefore one can expect clear LFV signals in slepton and 
sneutrino production and in the decays of neutralinos and 
charginos into sleptons and sneutrinos at future colliders 
l44l . 

For the reference point SPS#la a scan over the flavour 
non-diagonal (i 7^ j) entries of slepton mass matrix eq. Q 
shows E3 that values for |M|^| up to 8 • 10 3 GeV 2 , 
\M 2 hl A up to 6 • 10 3 GeV 2 and'|^u d | up to 650 GeV 2 
are compatible with the current experimental constraints. 
In most cases, one of the mass squared parameters is at 



least an order of magnitude larger than the others. How- 
ever, there is a sizable part in parameter space where at 
least two of the off-diagonal entries have the same order of 
magnitude. 

Possible LFV signals at an e + e~ collider include e/z$ 
er If,, [it Ifi in the final state plus a possibility of additional 
jets. In fig. ^] the cross section of e + e~ — * e ± r =F ^ at 
\/s = 500 GeV versus BR(t — > ej) is shown for points 
consistent with the experimental LFV data which are ran- 
domly generated in the range 10~ 8 < \Aij\ < 50 GeV, 
10~ 8 < My < 10 4 GeV 2 . The accumulation of points 
along a band is due to a large cr-tr mixing which is less 
constrained by t~ — * e~j than the corresponding left-left 
or left-right mixing. 

Note that the collider LFV signals can be very competi- 
tive to those from rare charged lepton decay, like t — * ^7. 
This is illustrated in fig. El where for simplicity the LFV 
has been restricted to the 2-3 generation subspace of sneu- 
trinos with the mixing angle 6*23 and ATO23 = \m„ 2 — m^ 3 1 
as free parameters. |46|. 

Sgoldstinos 

In the GMSB SUSY, not only the mass splittings Am 2 , 
but also the supersymmetry-breaking scale VF is close to 
the weak scale: G F 1 ^ 2 ~ Am 2 < y/F. Then the grav- 
itino G becomes very light, with tUq — Fj\f2>M' p = 
F/(10TeV) 2 x 0.03 eV. The appropriate effective low- 
energy theory must then contain, besides the goldstino, also 
its supersymmetric partners, called sgoldstinos |47|. The 
spin-0 complex component of the chiral goldstino super- 
field has two degrees of freedom, giving rise to two sgold- 
stino states: a CP-even state S and a CP-odd state P. In the 
simplest case it is assumed that there is no sgoldstino-Higgs 
mixing, and that squarks, sleptons, gluinos, charginos, neu- 
tralinos and Higgs bosons are sufficiently heavy not to play 
a role in sgoldstino production and decay. Thus the S and 
P are mass eigenstates and, being R-even, they can be pro- 
duced singly together with the SM particles. 

During the Workshop new results on massive sgoldstino 
production at e + e~ and 77 colliders have been presented 
[48 1. The most interesting channels for the production of 
such scalars (cj) will be used to indicate a generic state) are 
the process e + e~ — > (f>j, and the fusion 77 — > <fi, followed 
by the <\> decay to photons or gluons. 

The e + e _ — > (f>j — > ggj process gives rise to events 
with one monochromatic photon and two jets. However, 
the brems- and beamstrahlung induces a photon energy 
smearing comparable to or larger than the experimental res- 
olution. On the other hand, the signal can be searched for 
directly in the jet-jet invariant mass distribution. Results of 
the simulation are presented in fig.H4lwhere the exclusion 
region at the 95% CL is shown in the m^-\fF plane for 
two parameter sets: 1) Ah = 200 GeV, M 2 = 300 GeV, M 3 
= 400 GeV, 2) Mi = M 2 = M 3 = 350 GeV. 

For the 77 collider, despite the smaller decay branching 
ratio, only the two-photon final state has been considered 
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Figure 14: Left: Exclusion region at 95% CL at a 500 GeV 
e + e~ collider. Right: Exclusion region at 95% CL and 5<7 
discovery at a 77 collider 1 48 1 . 

since it has a very little SM background. Taking as a refer- 
ence point the value (aB)o obtained for M 77 = 350 GeV 
and a 10% branching ratio to two photons, the 95 % CL 
exclusion limit on and the 5 a discovery line for \[F is 
shown in fig.^]in terms of the ratio R = a x BR(<fi — > 
jj)/(aB)o. Thus the sensitivity at a photon collider ob- 
tained from the same electron-positron beam energy is ex- 
pected to be much higher for ~ 300 — 400 GeV. 

GAUGINOS AND HIGGSINOS 

Supersymmetric partners of electroweak gauge and 
Higgs bosons mix due to the gauge symmetry breaking. 
The mass-eigenstates (with positive mass eigenvalues) are 
charginos (xf, i=l,2, mixtures of the wino and charged 
higgsino) and neutralinos (x°, i=l,2,3,4, mixtures of B, 
W 3 , Hi and H^)- At tree level the chargino sector depends 
on M2, /1 and tan /3; the neutralino sector depends in addi- 
tion on Mi. The gaugino and higgsino mass parameters can 
be complex; without loss of generality M2 can be assumed 
real and positive, and the non-trivial CP-violating phases 
may be attributed to [i = |/i|e iv " and Mi = \Mi\e lVl . 
The chargino mass matrix is diagonalized by two unitary 
matrices acting on left- and right-chiral weak eigenstates 
(parameterized by two mixing angles 4>l,r. and three CP 
phases (3l,r and 7) [49 50 1. The neutralino mass matrix is 
diagonalized by a 4x4 unitary rotation N parameterized in 
terms of 6 angles and 9 phases (three Majorana m and six 
Dirac /2y phases) 15 II 1521 

N = diag{ 1 , e iQl , e M2 , e lQ3 }R 34 R 24 Ri4 R 23 R13 R12 

(8) 

where Kjk are rotations in the [jk] plane characterized by 
a mixing angle Qjk and a (Dirac) phase (3jk- 
Charginos and neutralinos are produced in pairs 

e + e- - xtxj, XiX°j (9) 

via s-channel j/Z and t-channel v e exchange for and 
via s-channel Z and t- and u-channel e exchange for \° 
production. Beam polarizations are very important to study 
the x properties and couplings. The polarized differential 



cross section for the XiXj production can be written as 1 52 1 

dcos#d</> 16 s 

+P f P t cos(20 - T])Z t + P t P t sin(2</> - )))S n ] (10) 

where A = [1— (pi +(J>j) 2 ] [1 — (a*i — A^j) 2 ] i s the two-body 
phase space function with (Uj = m^o/yfs, P=(Pt,0, Pi) 
[P=(P t cos 77, P t sin 77, —Pi)] is the electron [positron] po- 
larization vector; the electron-momentum direction defines 
the z-axis and the electron transverse polarization-vector 
the x-axis. The coefficients £ u , £;, £< and £ n depend 
only on the polar angle 8 and their explicit form is given 
in 1 50 1 for charginos, and in |52| for neutralinos. The £ n , 
present only for non-diagonal neutralino production, is par- 
ticularly interesting because it is non-vanishing only in the 
CP-violating case. 

Given the high experimental precision in mass and cross 
section measurements expected at the LC, the radiative cor- 
rections will have to be applied to the above expressions. 
Recently full one-loop corrections to chargino and neu- 
tralino sector have been calculated 11211 1531 l54l 1551 . The 
numerical analysis based on a complete one loop calcu- 
lation has shown that the corrections to the chargino and 
neutralino masses can go up to 10% and the change in the 
gaugino and higgsino components can be in the range of 
30%, and therefore will have to be taken into account. 

Charginos 

Experimentally the chargino masses can be measured 
very precisely at threshold since the production cross sec- 
tion for spin 1/2 Dirac fermions rises as /3 leading to steep 
excitation curves. Results of a simulation for the reaction 

e R e l X1X1 -> ^viXiQftXv % El show that the 
mass resolution is excellent of O(50 MeV), degrading to 
the per mil level for the higher xt state. Above threshold, 
from the di-jet energy distribution one expects a mass res- 
olution of 5m -± = 0.2 GeV, while the di-iet mass distri- 
Xi J 

butions constrains the xt — x% mass splitting within about 
100 MeV. Since the chargino production cross sections are 



Figure 15: Cross section 



for ete 



XiXi 



t veXi QQ'Xi at thresh- 
old (in the RR 1 sce- 
nario [l] 1251 . errors for 
10 fb _1 per point). 



simple binomials of cos 2^^, see fig. ED the mixing an- 
gles can be determined in a model independent way using 
polarized electron beams 1 56 1. 

Once masses and mixing angles are measured, the fun- 
damental SUSY parameters of the chargino sector can be 
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Figure 16: Contours 
of cr(xtxi) with polar- 
ized beams in the plane 

[cos2</>L,cos2(/>fl] 



extracted to lowest order in analytic form 1 561 1571 

M 2 = M W [E - A[cos20 fl + cos2</> L ]] 1/2 
\fi\ = M W [T, + A[cos2</>,r + cos20 l ]] 1/2 
cos$ M = [A 2 - (M 2 - /i 2 ) 2 - 4m 2 / (M 2 + M 2 ) 



tan/3 = 



-4m^ cos 2 2/3]/8m 2 v M 2 \ii\ sin2/3 
1 + A(cos 2(j)R — cos 24>l) 



-1 1/2 



1 — A(cos2</>fl — cos20i) 



(11) 
(12) 

(13) 
(14) 



where A = (m 2 ± - mt ± )/4A% and £ = (m 2 ± 

X2 Xl X2 



m{ ± )/2M, 



w — 1. However, if xt happens to be beyond the 



kinematic reach at an early stage of the LC, it depends on 
the CP properties of the higgsino sector whether they can 
uniquely be determined in the light chargino system alone: 
(i) If it is real, cos$ M = ±1 determines m~± up to 



at most a two-fold ambiguity |50|; this ambiguity can be 
resolved if other observables can be measured, e.g. the 
mixed-pair X1X2 production cross sections. 

(ii) In a CP non-invariant theory with complex \i, the 
parameters in eas. dl ltTBl depend on the unknown heavy 
chargino mass m-±. Two solutions in the {M2, U, tan/3} 
space are parameterized by m ~± and classified by the two 
possible signs of sin $ M . The unique solution can be found 
with additional information from the two light neutralino 
states x_i an d X°> as we w iH see in the next section. 

The above methods fail for the light chargino if it hap- 
pens to be nearly mass-degenerate with the lightest neu- 
tralino, as predicted in a typical AMSB scenario. In this 
case xt — > x?+ so ft pion, and very little activity is seen in 
the final state. However, one can exploit the ISR photons in 
e + e _ — > X1X1I to measure both m~± and the mass split- 
ting xt ~ Xi [58 1 . The ISR photon recoil mass spectrum 
starts to rise at 2m-± allowing to determine the chargino 
mass at a percent level, fig.[T7J Moreover, the pion energy 
spectrum for events with charginos produced nearly at rest 
peaks around xt ~ Xi an( l a g a in precision of order 2 per- 
cent is expected. 

Besides the e + e~ option, chargino pair production 



77 



xtxT(i = 1,2) 



(15) 



in the 77 mode of a Linear Collider has been studied 1 59 1. 
In this case the production is a pure QED process (at tree 
level) and therefore it allows the chargino decay mecha- 
nism to be studied separately in contrast to the e + e~ mode 
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Figure 17: The ISR photon recoil mass and the pion energy 
scatter plot (left), and the pion energy spectrum across the 
red line (right) for e^e^ — > Xi~ — * 1 58 1. 



where both production and decay are sensitive to the SUSY 
parameters. 

Provided the chargino mass has been measured and the 
energy spectrum and polarization of the high energy pho- 
tons are well under control, the production cross section 
and the polarization of the charginos in reaction eq. dl5> 
are uniquely predicted. By manipulating the polarization 
of the laser photons and the converted electron beam vari- 
ous characteristics of the chargino decay can be measured 
and exploited to study the gaugino system. As an example, 
in 1 59 1 the forward-backward asymmetry (measured with 
respect to the e + e~ beam direction) 



.4 



FB 



a e (cos9 e + > 0) — a e (cos9 e + < 0) 
cr e (cos# e + > 0) + <j e (cos9 e + < 0) 



(16) 



of the positron from the decay x£ — > Xi e+l/ e, shown in 
fig- El has been studied to determine M\ and mp e . 
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Figure 18: The e + forward-backward asymmetry (in %) 
in the ee-CMS of the decay positron from 77 — » XiXi > 
xt —> Xi e+l/ e as a function of the parameter M\ (left) 
and the sneutrino mass mjj c (right) at ^/s ee = 500 GeV for 
M 2 = 152 GeV, (i = 316 GeV, tan/3 = 3. The shadowed 
region corresponds to the bound m^o > 38 GeV |59|. 



Neutralinos 



Similarly to the chargino case, the di-lepton energy and 
mass distributions in the reaction e + e~ — > X2X2 ~~ > 4£ ± ^' 
can be used to determine Xi an d x§ masses. Previous anal- 
yses of the di-lepton mass and di-lepton energy spectra per- 
formed in the tan/3 = 3 case showed that uncertainties 
in the primary and secondary x 2 an d Xi masses of about 



2 per mil can be expected (fl 1251 . Higher resolution of 
order 100 MeV for m^a can be obtained from a threshold 
scan of e + e~ — > X2X2' heavier states x° and x% if accessi- 
ble, can still be resolved with a resolution of a few hundred 
MeV. For the higher values of tan/3 > 10 the dominant 
decay mode of x 2 is to t + t~Xi- With r's decaying in the 
final state the experimental selection of the signal from the 
SM and SUSY background becomes more difficult. Pre- 
liminary analyses nevertheless show 1 60 1 that an accuracy 
of 1-2 GeV for the mass determination seems possible from 
the process e + e~ — ► XiX 2 - 

To resolve the light chargino case in the CP-violating 
scenario (ii) discussed in the previous section, we note that 
each neutralino mass m^o satisfies the characteristic equa- 
tion 



(3?eMi) 2 + (SmMi 



u, 3?eMi + v l SmMi = w, (17) 



where Ui, Vi, w% are functions of m$o, M 2 , /u, tan/3; 
since physical masses are CP-even, Vi is necessarily pro- 
portional to sin (p^. Therefore each neutralino mass defines 
a circle in the {SReMi, SfrnMi} plane, assuming other pa- 
rameters fixed. With two light neutralino masses two cross- 
ing points in the 0fteM x , SmMi) plane are found, fig.[T9l 
(left). Since from the chargino sector {A/2, /U tan/3} are 
parameterized by the unknown rn~±, the crossing points 
will migrate with m-±, fig- [19] (right). Using the mea- 
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Figure 19: Two crossing points determined by two light 
neutralinos (left) and their migration with m - ± (right) 1 56 1 . 

sured cross section for XiX 2 > a unique solution for M\ 
is obtained and the heavy chargino mass predicted. If the 
LC would run concurrently with the LHC, the LHC exper- 
iments might be able to verify the predicted value of m~± . 

Neutralinos with CP-violating phases 

Particularly interesting is the threshold behavior since 
due to the Majorana nature of neutralinos B52I . a clear indi- 
cation of non-zero CP violating phases can be provided by 
studying the excitation curve for non-diagonal neutralino 
pair production near thresholds. 

Like in the quark sector, it is useful 1521 1611 to represent 
the unitarity constraints 

Mij = Nn,Nj X + N i2 N* 2 + N i3 N* 3 + N^N* 4 (18) 
Dij = N U N* 3 + N 2i N^ + N 3i N^ + N U N^ (19) 



on the neutralino mixing matrix N, eq. l|8}, in terms of 
unitarity quadrangles. For i^j we get My=-D,j=0 and 
the above equations define two types of quadrangles in the 
complex plane. The A/-type quadrangles are formed by 
the sides Nu.N* k connecting two rows i and j, eq. dl 81 . 
and the £>-type by N^N^ connecting two columns i and 
j, eq. 1191 . of the mixing matrix. By a proper ordering of 
sides the quadrangles are assumed to be convex with areas 



M 2 /GeV total cross section in fb 
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1.1 



(20) 



area[M„] = ±(|J, 
area[Ai] = + l4l + 1 4 1 + (2D 

where J^J are the Jarlskog-type CP-odd "plaquettes" 1621 



4 ! = SmNikNjtN^N*! 



(22) 



Note that plaquettes, and therefore the areas of unitarity 
quadrangles, are not sensitive to the Majorana phases a*. 
Unlike in the quark or lepton sector, the orientation of all 
quadrangles is physically meaningful, and determined by 
the CP-phases of the neutralino mass matrix. 

For a CP-conserving case with real Mi , M 2 and n, the 
neutralino mixing matrix N has all Dirac phases (3^ = 
mod 7r and Majorana phases a t = mod ir/2. Majorana 
phases a, = ±tt/2 describe only different CP parities of 
the neutralino states. In terms of quadrangles, CP is con- 
served if and only if all quadrangles have null area (collapse 
to lines or points) and are oriented along either the real or 
the imaginary axis. 

The non-zero values of CP-odd quantities, like S„ or the 
polarization of the produced neutralino normal to the pro- 
duction plane, would unambiguously indicate CP- violation 
in the neutralino sector. In 1 63 1 the CP-odd asymmetry de- 
fined as 



A 



a(T > 0) - a(T < 0) 
a(T > 0) + a{T < 0) 



(23) 



where T — p(e~) x f)(h) ■ p(h) for the process e + e~ — > 
X1X2 ~~ * XiXihh with two visible leptons in the final state 
has been considered. In fig.|20|the expected cross section 
(left) and the asymmetry (right) are shown as functions of 
M2 and fi assuming ip\ = it/2. 

One can also try to identify the presence of CP-phases 
by studying their impact on CP-even quantities, like neu- 
tralino masses, branching ratios etc. Since these quanti- 
ties are non-zero in the CP-conserving case, the detection 
of CP-odd phases will require a careful quantitative analy- 
sis of a number of physical observables |64|, in particular 
for numerically small CP-odd phases. For example, fig. 1211 
displays the unitarity quadrangles for the SPS#la point as- 
suming a small non-vanishing phase ipi — it/ 5 (consistent 
with all experimental constraints) [65J. The quadrangles 
are almost degenerate to lines parallel to either the real or 
the imaginary axis, and revealing a small phase of Mi will 
be quite difficult. However, studying the threshold behav- 
ior of the production cross sections can be of great help 
Il52ll65l. 
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Figure 20: Cross section (left) and CP-odd asymmetry for 
e+e- -> xlxl -> XiXihh at yG=500 GeV with m =100 
GeV, tan/3=10 and gaugino mass universality. In shaded 
aream~± <104 GeV J63). 
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Figure 21: The D-type (left panel) and A/-type (right 
panel) quadrangles in the complex plane, illustrated for 
tan/3 = 10, \Mi\ = 100.5 GeV, Vl = tt/5, M 2 = 190.8 
GeV, \fi\ = 365.1 GeV and ip^ = 0; ij as indicated in the 
figure |65|. 



If CP is conserved, the CP parity of a pair of Majorana 
fermions XiX'j produced in the static limit in e + e~ colli- 
sions by a spin-1 current with positive intrinsic CP must 
satisfy the relation 



ryV'(-l) 



1 



(24) 



where 77* = ±i is the intrinsic CP parity of \i and L is the 
angular momentum |66|. Therefore neutralinos with the 
same CP parities (for example i = j) can only be excited 
in P-wave. The S-wave excitation, with the characteristic 
steep rise ~ (3 of the cross section near threshold, can occur 
only for i ^ j with opposite CP-parities of the produced 
neutralinos |67|. This immediately implies that if the {ij} 
and {ik} pairs are excited in the S-wave, the pair {jk} 
must be excited in the P-wave characterized by the slow 
rise P 3 of the cross section, fig.|22l left panel. 

If CP is violated, however, the angular momentum of 
the produced neutralino pair is no longer restricted by the 
eq. (1241 and all non-diagonal pairs can be excited in the 
S-wave. This is illustrated in fig.|22] where the threshold 
behavior of the neutralino pairs {12}, {13} and {23} for 
the CP-conserving (left panel) case is contrasted to the CP- 
violating case (right panel). Even for a small CP-phase 
ifi = tt/5, virtually invisible in the shape and orientation 
of unitarity quadrangles in fig.|^ the change in the energy 
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Figure 22: The threshold behavior of the neutralino pro- 
duction cross-sections a^ 1 ^ for the CP-conserving (left 
panel) and the CP-violating (right panel) cases. Other pa- 
rameters as in fig. 12 1 1 1 65 1. 

dependence near threshold can be quite dramatic. Thus, 
observing the {ij}, {ik} and {jk} pairs to be excited all in 
S-wave states would therefore signal CP-violation. 

Gluinos 

Strongly interacting gluinos will copiously be produced 
at the LHC. Only for rather light gluinos, m g — 200 - 300 
GeV, can a 1 TeV LC improve on the LHC gluino mass 
measurement. 

In e + e~ annihilation the exclusive production of gluino 
pairs proceeds only at the loop level: s-channel photons 
and Z° bosons couple to the gluinos via triangular quark 
and squark loops. Moreover, near threshold the pairs of 
identical Majorana gluinos are excited in a P-wave with 
a slow rise of the cross section. As a result, the produc- 
tion cross sections are rather small even for relatively light 
gluinos, see left panel of fig. [23] For m g > 500 GeV, no 
events at LC with luminosities of 1 ab _1 per year are ex- 
pected irrespectively of their collision energy. 

In the 77 option, the chances to observe gluinos are bet- 
ter. First, the gluino pairs can be excited in an S-wave with 
a faster rise of the cross section. Second, for m§ ^> nig the 
production can be enhanced by resolved photons. As seen 
in the right panel of fig.|23] the production cross sections in 
the polarized e~e~ option can reach several fb in a wider 
range of gluino masses. 
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Figure 23: Gluino production cross section in e + e~ an- 
nihilation (left), and in polarized direct photon collisions 
generated in e~e~ (right). |68|. 



R-PARITY VIOLATING SUSY 

In the MSSM the multiplicative quantum number R- 
parity is conserved. Under this symmetry all standard 
model particles have Rp = +1 and their superpartners 
Rp = -1. As a result, the lightest SUSY particle (LSP) 
is stable, SUSY particles are only produced in pairs with 
the distinct signature of missing energy in an experiment. 
However, R-parity conservation has no strong theoreti- 
cal justification since the superpotential admits explicit R- 
parity violating Q/i p ) terms 

Wjr p = £iLiH u + ^XijkLiLjDk 

+ K^l-Qj'h + \y' l]k U l D ] D k (25) 

where H u , L, Q are the Higgs and left-handed lepton and 
squark superfields, and E, D, U are the corresponding 
right-handed fields. R-parity violation changes the SUSY 
phenomenology drastically. The LSP decays, so the char- 
acteristic signature of missing energy in fhe^? p conserving 
MSSM is replaced by multi-lepton and/or multi-jet final 
states. 

The couplings e, A and A' violate lepton number, while 
A" violate baryon number. If both types of couplings were 
present, they would induce fast proton decay. This can be 
avoided by assuming at most one type of couplings to be 
non-vanishing. 

Bilinear R-parity violation 

Models with explicit bilinear breaking of R-parity 
(BRpV) assume only e ; ^ in eq. J25I and the corre- 
sponding terms in the soft SUSY breaking part of the La- 
grangian C so ft 9 BiCiLiH u 1691 . As a result, the sneu- 
trinos develop non-zero vacuum expectation Vi — (Pi) 
in addition to the VEVs v u and v d of the MSSM Higgs 
fields and H®. The bilinear parameters and Vi in- 
duce mixing between particles that differ only by R-parity: 
charged leptons mix with charginos, neutrinos with neu- 
tralinos, and Higgs bosons with sleptons. Mixing between 
the neutrinos and the neutralinos generates at tree level a 
non-zero mass m V3 ~ M 2 \ A| 2 /Det(M-r;o) (where A^ = 
ti^d + H v i) for one of the three neutrinos and the mixing 
angle tan 2 9 atm ~ (A 2 /A 3 ) 2 ; the remaining two masses 
and mixing angles are generated at 1-loop. For example, 
the solar mixing angle scales as tan 2 9 so i ~ [ei/^) 2 - Thus 
the model can provide a simple and calculable framework 
for neutrino masses and mixing angles in agreement with 
the experimental data, and at the same time leads to clear 
predictions for the collider physics |70|. 

For small^p couplings, production and decays of SUSY 
particles is as in the MSSM except that the LSP decays. 
Since the astrophysical constraints on the LSP no longer 
apply, a priori any SUSY particle could be the LSP. In a re- 
cent study [7 1 1 a sample of the SUSY parameter space with 
Ijl p couplings consistent with neutrino masses shows that ir- 
respectively of the LSP nature, there is always at least one 
correlation between ratios of LSP decay branching ratios 




Figure 24: Left: BR(Xi /-J.+ qq)/BR(x{ qq) as a 
function of tan 2 9 atm . Right: BR(6i^e+i)/BR(6i^/i+<) 
as a function of tan 2 so i 1711 . 



and one of the neutrino mixing angles. Two examples of 
chargino and squark being the LSP are shown in fig. 1241 

Bilinear versus Trilinear fi p 

In the case of charged slepton LSP, the collider physics 
might distinguish whether bilinear or trilinear couplings are 
dominant sources of^ p and the neutrino mass matrix |72|. 
Possible final states of the LSP are either IjVk or qq'. If 
the LSP is dominantly right-chiral, the former by far dom- 
inate over the hadronic decay mode. In the case of TRpV, 
the two-body decay width for — > lj + YjkVk scales as 
T - S fc sin 2 Oj.tfsji provided A' < A, while for the BRpV 
one has F ~ Yi sin 2 9j e 2 for i ^ j (¥] is the corresponding 
Yukawa coupling), and BR(ei — > eSfcffe) ~ 1. Immedi- 
ately one finds then 

n B /- v \ / ~1 forBRpV 

BR(ei -> eEfc^fc) = j < Q g for TRpV (26) 

Therefore, the LC measurements of the li decay modes can 
distinguish between bilinear or trilinear terms as dominant 
contributions to the neutrino masses |72|. 

For trilinear couplings of the order of current experi- 
mental upper bounds, in particular for the third generation 
(s)fermions, additional production as well as decay chan- 
nels may produce strikingly new signatures. For example, 
sneutrinos could be produced as an s-channel resonance 
in e + e~ annihilation. During this workshop single sneu- 
trino production in association with fermion pairs at po- 
larised photon colliders has been analysed |73|. The as- 
sociate mode may also appear with fermions of different 
flavour 1741 . so that the signal is basically SM background 
free. Moreover, the advantage of exploiting 77 collisions 
in place of e + e~ ones in producing single sneutrinos with 
a fermion pair of differnt flavour resides in the fact that the 
cross sections for the former are generally larger than those 
for the latter. As an example, fig.[25]shows the unpolarised 
production rates for both the 77 and e + e~ induced vt ^ 
modes at y / s e + e - = 500 GeV and 1 TeV. For illustration, 
the couplings are set A = A' = 1. 




Figure 25: afir^f^) at 
77 (a,b) and e + e~ (c,d) 
collider with ^=100 
GeV (a,c) and 1 TeV 
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(b,d)|73|. 

EXTENDED SUSY 

The NMSSM, the minimal extension of the MSSM, in- 
troduces a singlet superfield field S in the superpotential 

WD XH u H d S- i«S 3 . (27) 

In this model, an effective fi = Ax term is generated when 
the scalar component of the singlet S acquires a vacuum 
expectation value x — (S) . The fermion component of the 
singlet superfield (singlino) will mix with neutral gauginos 
and higgsinos after electroweak gauge symmetry breaking, 
changing the neutralino mass matrix to the 5x5 form which 
depends on Mi, Mi, tan (3, x and the trilinear couplings A 
and k. 

In some regions of the parameter space the singlino 
may be the lightest supersymmetric particle, weakly mix- 
ing with other states. In the extended SPS#la scenario 
with large x ^> |Ma|, analysed in 1751 . the lightest neu- 
tralino x°s with mass w 2nx becomes singlino-dominated 
while the other four neutralinos Xi 4 have the MSSM 
characteristics. The exotic x's state can be searched for 
in the associated production of Xs together with the light- 
est MSSM-like neutralino Xi m e + e~ annihilation. The 
unpolarized cross section, shown in fig.[26]for m^o = 70 
GeV, is larger than 1 fb up to x < 7.4 TeV which corre- 
sponds to a singlino content of 99.7 %. Polarized beams 
can enhance the cross section by a factor 2-3, and provide 
discriminating power between different scenarios |76). If 
the couplings of a singlino-dominated LSP to the NLSP are 
strongly suppressed at large values of x, displaced vertices 
in the NMSSM may be generated, fig. |26j which would 
clearly signal the extension of the minimal model. For a 
similar analysis in the E6 inspired model we refer to |75|. 

However, if the spectrum of the four lighter neutralinos 
in the extended model is similar to the spectrum in the 
MSSM, but the mixing is substantial, discriminating the 
models by analysing the mass spectrum becomes very dif- 
ficult. Studying in this case the summed-up cross sections 
of the four light neutralinos may then be a crucial method 
to reveal the structure of the neutralino system |52|. More 
specifically, in extended SUSY models with n SU(2) dou- 
blet and m SU(2) singlet chiral superfields, the sum rule 
reads 

lim S T,i<j = 48 c" 2 ^ 

x [ n (8s^ - 4s 2 w + 1) + 484, + 3] (28) 



ff/fb NMSSM mj.=70GeV r(x°)/GeV NMSSM i(*°)/m 
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Figure 26: Left: Unpolarized a{x%Xi) at \/s=500 GeV 
(solid) and for polarized beams V-=0.8, V+=-0.6 (dashed), 
^-=-0.8, V+=0.6 (dotted). Right: Total decay widths 
of the lightest MSSM-like \i decaying into a singlino- 
dominated xl The shaded area shows where displaced 
vertices exist 1731 . 

The right-hand side of eq. (128b is independent of the num- 
ber m of singlets and it reduces to the sum rule in the 
MSSM for n = 2. In fig. |^7]the exact sum rules, normal- 
ized to the asymptotic value, are compared for an NMSSM 
scenario giving rise to one very heavy neutralino with 
m^Q ~ 1000 GeV, and to four lighter neutralinos with 
masses equal within 2-5 GeV to the neutralino masses 
in the MSSM. Due to the incompleteness of these states 
below the thresholds for producing the heavy neutralino 
X®, the NMSSM value differs significantly from the cor- 
responding sum rule of the MSSM. Therefore, even if the 
extended neutralino states are very heavy, the study of sum 
rules can shed light on the underlying structure of the su- 
persymmetric model. 
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Figure 27: The sum 
of neutralino-pair pro- 
duction cross sections: 
all pairs in the MSSM 
(solid), and of the first 
four neutralino states in 
the NMSSM (dashed); 
both normalized to the 
asymptotic value |52|. 



RECONSTRUCTING FUNDAMENTAL 
SUSY PARAMETERS 

Low energy SUSY particle physics is characterized by 
energy scales of order < 1 TeV However, the roots 
for all the phenomena we will observe experimentally in 
this range may go to energies near the Planck or the GUT 
scale. Fortunately, supersymmetry provides us with a sta- 
ble bridge between these two vastly different energy re- 
gions 1771 . To this purpose renormalization group equa- 
tions (RGE) are exploited, by which parameters from low 
to high scales are evolved based on nothing but measured 



Table 1: Representative gaugino/scalar mass parameters 
and couplings as determined at the electroweak scale and 
evolved to the GUT scale in the mSUGRA scenario based 
on LHC and LC simulations; masses are in GeV. The errors 
are la ]79). 





Exp. Input 


GUT Value 


Mi 


102.31 ±0.25 


250.00 ±0.33 


M 2 


192.24 ± 0.48 


250.00 ±0.52 


M 3 


586 ± 12 


250.0 ±5.3 


M 


358.23 ± 0.28 


355.6 ± 1.2 


Ml 


(6.768 ± 0.005) • 10 4 


(3.99 ±0.41) • 10 4 


M 2 El 


(4.835 ±0.007) ■ 10 4 


(4.02 ±0.82) • 10 4 


ML 


(3.27 ±0.08) • 10 5 


(3.9 ± 1.5) ■ 10 4 


Ml 


(3.05 ±0.11) • 10 5 


(3.9 ± 1.9) • 10 4 


Ml 


(3.05 ±0.11) • 10 5 


(4.0 ± 1.9) • 10 4 


Ml 


(6.21 ±0.08) • 10 4 


(4.01 ±0.54) • 10 4 


Ml 


(-1.298 ±0.004)- 10 5 


(4.1 ±3.2) • 10 4 


A m 


-446 ± 14 


-100 ±54 


tan/3 


9.9 ±0.9 





quantities in laboratory experiments. This procedure has 
very successfully been pursued for the three electroweak 
and strong gauge couplings, and has been expanded to 
a large ensemble of supersymmetry parameters 1781 - 
the soft SUSY breaking parameters: gaugino and scalar 
masses, as well as trilinear couplings. This bottom-up ap- 
proach makes use of the low-energy measurements to the 
maximum extent possible and it reveals the quality with 
which the fundamental theory at the high scale can be re- 
constructed in a transparent way. 

A set of representative examples in this context has been 
studied 1791 : minimal supergravity and a left-right sym- 
metric extension; gauge mediated supersymmetry break- 
ing; and superstring effective field theories. The anomaly 
mediated as well as the gaugino mediated SUSY breaking 
are technically equivalent to the mSUGRA case and there- 
fore were not treated explicitly. 

Gravity mediated SUSY breaking 

The minimal supergravity scenario mSUGRA is charac- 
terized by the universal: gaugino mass A/1/2, scalar mass 
Mo, trilinear coupling Ao, sign of /1 (the modulus de- 
termined by radiative symmetry breaking) and tan (3. The 
parameters M±/2, M and A are defined at the GUT scale 
Mjj where gauge couplings unify at = ct\j. The RGE are 
then used to determine the low energy SUSY lagrangian 
parameters. 

The point chosen for the analysis is close to the Snow- 
mass Point SPS#la |8|, except for the scalar mass param- 
eter M which was taken slightly larger for merely illus- 
trative purpose: M 1/2 = 250 GeV, M = 200 GeV, 
A = -100 GeV, Utl /3 = 10 and signal) = +. 

Based on simulations and estimates of expected preci- 



sion, the low-energy 'experimental' values are taken as the 
input values for the evolution of the mass parameters in the 
bottom-up approach to the GUT scale. The results for the 
evolution of the mass parameters to the GUT scale M\j are 
shown in fig. [28] The left panel presents the evolution of 
the gaugino parameters Mf , while the right panel shows 
the extrapolation of the slepton mass parameters squared of 
the first two generations. The accuracy deteriorates for the 
squark mass parameters and for the Higgs mass parameter 
Mfi 2 . The origin of the differences between the errors for 
slepton, squark and Higgs mass parameters can be traced 
back to the numerical size of the coefficients. The qual- 
ity of the test is apparent from table ^ where it is shown 
how well the reconstructed mass parameters at the GUT 
scale reproduce the input values Mi/ 2 = 250 GeV and 
M = 200 GeV. 
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Figure 28: mSUGRA: Evolution, from low to high scales, 
of gaugino mass parameters (left), and first two generation 
sfermion mass parameters and the Higgs mass parameter 
Mjy (right). The widths of the bands indicate the la CL 



The above analysis has also been extended 1 79 1 to a left- 
right supersymmetric 5O(10) model in which the 5O(10) 
symmetry is assumed to be realized at a scale between the 
standard SU(5) scale M v ~ 2 • 10 16 , derived from the 
unification of the gauge couplings, and the Planck scale 
Mp ~ 10 19 GeV. The right-handed neutrinos are as- 
sumed heavy, with masses at intermediate scales between 
O(10 10 ) GeV and O(10 15 ) GeV, so that the observed light 
neutrino masses are generated by the see-saw mechanism. 
The evolution of the gaugino and scalar mass parameters of 
the first two generations is not affected by the left-right ex- 
tension. It is only different for the third generation and for 
Mjy owing to the enhanced Yukawa coupling in this case. 
The sensitivity to the intermediate i/r scales is rather weak 
because neutrino Yukawa couplings affect the evolution of 
the sfermion mass parameters only mildly. Nevertheless, a 
rough estimate of the intermediate scale follows from the 
evolution of the mass parameters to the low experimental 
scale if universality holds at the Grand Unification scale. 



Gauge mediated SUSY breaking 

In GMSB the scalar and the F components of a 
Standard-Model singlet superfield 5 acquire vacuum ex- 
pectation values (5) and (Fs) through interactions with 
fields in the secluded sector, thus breaking supersymme- 
try. Vector-like messenger fields M, carrying non-zero 
5/7(3) x SU(2) x 17(1) charges and coupling to 5, trans- 
port the supersymmetry breaking to the eigen-world. The 
system is characterized by the mass Mm ~ (5) of the mes- 
senger fields and the mass scale A = (Fs) / (S) setting the 
size of the gaugino and scalar masses. Mm is expected to 
be in the range of 10 to 10 6 TeV and A has to be smaller 
than Mm- 

The gaugino masses are generated by loops of scalar and 
fermionic messenger component fields, while masses of the 
scalar fields in the visible sector are generated by 2-loop ef- 
fects of gauge/gaugino and messenger fields, and the A pa- 
rameters are generated at 3 -loop level and they are practi- 
cally zero at Mm- Scalar particles with identical Standard- 
Model charges squared have equal masses at the messenger 
scale Mm, which is a characterictic feature of the GMSB 
model. 

This scheme has been investigated for the point A = 
100 TeV, M M = 200 TeV, N 5 = 1, N w = 0, tan/3 = 15 
and fj, > corresponding to the Snowmass Point SPS#8. 
The evolution of the gaugino and sfermion mass parame- 
ters of the first two generations as well as the Higgs mass 
parameters, including 2-loop /3-functions, is presented in 
ng.|H 
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Figure 29: GMSB: Evolution, from low to high scales, of 
gaugino mass parameters (left), and first two generation 
sfermion mass parameters and the Higgs mass parameter 
Mjj (right). The widths of the bands indicate the ler CL 

ED- 

The gaugino masses in GMSB evolve nearly in the same 
way as in mSUGRA. However, due to the influence of the 
^4-parameters in the 2-loop RGEs for the gaugino mass pa- 
rameters, they do not meet at the same point as the gauge 
couplings in this scheme. On the other hand the running 
of the scalar masses is quite different in both theories. The 
bands of the slepton L-doublet mass parameter M| and 
the Higgs parameter M^ 2 , which carry the same moduli 
of standard-model charges, cross at the scale Mm- The 
crossing, indicated by an arrow in the fig. [29] is a neces- 



sary condition (in the minimal form) for the GMSB sce- 
nario to be realized. Moreover, at the messenger scale the 
ratios of scalar masses squared in the simplest version of 
GMSB are determined solely by group factors and gauge 
couplings, being independent of the specific GMSB char- 
acteristics, i. e. messenger multiplicities and A mass scale. 

The two scales A and Mm, and the messenger multiplic- 
ity Nm — TVs + 3^10 can be extracted from the spectrum 
of the gaugino and scalar particles. For the point analyzed 
in the example above, the following accuracy for the mass 
parameters and the messenger multiplicity has been found: 

A = (1.01 ± 0.03) • 10 2 TeV (29) 
M M = (1-92 ± 0.24) • 10 2 TeV (30) 
N M = 0.978 ±0.056 (31) 

String induced SUSY breaking 

Four-dimensional strings naturally give rise to a mini- 
mal set of fields for inducing supersymmetry breaking; they 
play the role of the fields in the hidden sectors: the dilaton 
5 and the moduli T m chiral superfields which are gener- 
ically present in large classes of 4-dimensional heterotic 
string theories. In the analysis only one moduli field T has 
been considered. SUSY breaking, mediated by a goldstino 
field, originates in the vacuum expectation values of 5 and 
T generated by genuinely non-perturbative effects. The 
properties of the model depend on the composition of the 
goldstino which is a mixture of the dilaton field 5 and the 
moduli field T, 

G = 5 sm6 + T cosfl (32) 

Universality is generally broken in such a scenario by a 
set of non-universal modular weights nj that determine the 
coupling of T to the SUSY matter fields $j. The gaugino 
and scalar mass parameters can be expressed to leading or- 
der by the gravitino mass m 3 / 2 , the vacuum values (5) and 
(T) , the mixing parameter sin 9, the modular weights rij 
and the Green-Schwarz parameter Sgs- The relations be- 
tween the universal gauge coupling a (Muring) at the string 
scale Af s tring and the gauge couplings (^(Mgut) at the 
SU(5) unification scale MgutS 

a; 1 (M GUT ) = a' 1 (M string ) + Aa^h] (33) 

receive small deviations from universality at the GUT scale 
which are accounted for by string loop effects transporting 
the couplings from the universal string scale to the GUT 
scale. The gauge coupling at M str ing is related to the dila- 
ton field, g 2 s = 1/(5). 

A mixed dilaton/moduli superstring scenario with domi- 
nating dilaton field component and with different couplings 
of the moduli field to the (L,R) sleptons, the (L,R) squarks 
and to the Higgs fields, corresponding to O-I represen- 
tation has been chosen for the analysis |79|, for which 
sin 2 9 = 0.9, iiLi = —3, Ue^ = —1, nn 1 = nn 2 = — 1, 
riQ i = 0, — 1, nu i — —2, and the gravitino mass 
180 GeV. 



Table 2: Comparison of the experimentally reconstructed 
values with the ideal fundamental parameters in a specific 
example for a string effective field theory. [All mass pa- 
rameters are in units of GeV.] 



Parameter 


Ideal 


Reconstructed 


m 3 / 2 
(S) 
(T) 

sin 2 9 
9 2 s 


180 
2 
14 
0.9 
0.5 



179.9 ± 0.4 
1.998 ±0.006 

14.6 ±0.2 
0.899 ± 0.002 
0.501 ± 0.002 

0.1 ±0.4 


tan (3 


10 


10.00 ±0.13 



The evolution of the gaugino and scalar mass parame- 
ters is displayed in fig. The pattern of the trajectories 
is remarkably different from other scenarios. The break- 
ing of universality in the gaugino sector, induced by string 
threshold corrections, is shown in the insert. 
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Figure 30: String scenario: Evolution, from low to high 
scales, of gaugino mass parameters (left), and first two gen- 
eration sfermion mass parameters and the Higgs mass pa- 
rameter Mjj (right). The widths of the bands indicate the 
laCL|79|. 2 

The reconstructed values the fundamental parameters of 
the string effective field theory are compared with the ideal 
values in Table|2] Also the reproduction of moduli weights 
as 'integers' at the per-cent level provides a highly non- 
trivial check of the string model |79|. 

SUMMARY 

Much progress has been achieved during the Extended 
ECFA/DESY Workshop. It has been demonstrated that a 
high luminosity LC with polarized beams, and with addi- 
tional ej, 77 and e~e~ modes, can provide high quality 
data for the precise determination of low-energy SUSY La- 
grangian parameters. In the bottom-up approach, through 
the evolution of the parameters from the electroweak scale, 
the regularities in different scenarios at the high scales can 
be unravelled if precision analyses of the supersymmetric 
particle sector at e + e~ linear colliders are combined with 



analyses at the LHC. In this way the basis of the SUSY 
breaking mechanism can be explored and the crucial ele- 
ments of the fundamental supersymmetric theory can be 
reconstructed. 

So far most analyses were based on lowest-order expres- 
sions. With higher order corrections now available, one of 
the goals of the SUSY WG in the new ECFA Study would 
be to refine the above program. Many new theoretical cal- 
culations and future experimental analyses will be neces- 
sary. However, the prospect of exploring elements of the 
ultimate unification of the interactions provides a strong 
stimulus in this direction. 
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